Certain microbes evade host innate immunity by killing activated macrophages with the help of virulence factors that target prosurvival pathways. For instance, infection of macrophages with the TLR4-activating bacterium Bacillus anthracis triggers an apoptotic response due to inhibition of p38 MAP kinase activation by the bacterial-produced lethal toxin. Other pathogens induce macrophage apoptosis by preventing activation of NF-B, which depends on IB kinase ␤ (IKK␤). To better understand how p38 and NF-B maintain macrophage survival, we searched for target genes whose products prevent TLR4-induced apoptosis and a p38-dependent transcription factor required for their induction. Here we describe key roles for transcription factor CREB, a target for p38 signaling, and the plasminogen activator 2 (PAI-2) gene, a target for CREB, in maintenance of macrophage survival.
Introduction
Macrophages are professional phagocytes that are key players in host defense against microbial infection (Aderem and Underhill, 1999). In addition to central depots in secondary lymphoid organs, macrophages reside in almost all tissues, serving as sentinels that detect microbial invaders. Upon recognition of pathogen-associated molecular patterns (PAMPs; Janeway and Medzhitov, 2002) or molecules released by damaged host cells, referred to as "danger signals" (Matzinger, 2002 , 1998) . By contrast, the anthrax bacterium, Bacillus anthracis, induces apoptosis of TLR4-activated macrophages through its lethal toxin (LT), whose lethal factor (LF) catalytic subunit prevents p38 activation by cleavage of the upstream kinase MKK6 (Park et al., 2002) .
Compromised macrophage survival is seen upon inactivation of either the IKKβ subunit of the IKK complex or p38 MAPK (Hsu et al., 2004) . Whereas the transcription factor mediating the survival activity of IKKβ is NF-κB, the target for the survival activity of p38 MAPK is unknown. Based on the similar sensitivity of macrophages lacking either p38 or NF-κB to TLR4-induced apoptosis, we postulated that p38 may activate a tran-scription factor that synergizes with NF-κB to induce transcription of gene(s) whose product(s) inhibits apoptosis. We therefore embarked on a search for such a transcription factor and target genes and found that the antiapoptotic p38 MAPK signal is relayed to the cAMPresponsive transcription factor CREB, which in turn cooperates with NF-κB to induce transcription of the gene encoding the serpin plasminogen activator inhibitor 2 (PAI-2). In conjunction with the Bcl-2 family protein Bfl-1/ A1, whose expression also requires both p38 and NF-κB activation, PAI-2 maintains survival of TLR4-activated macrophages, illustrating unique antiapoptotic regulatory mechanisms in the TLR4 pathway.
Results

Survival of TLR4-Activated Macrophages Requires IKK␤ and p38
Incubation of macrophages with B. anthracis LT sensitizes them to TLR4-dependent apoptosis through inhibition of p38 activation (Park et al., 2002 Figure 1A ). On the other hand, the extent of Ikkb deletion and IKKβ levels in bulk BMDM cultures derived from Ikkb Dmye mice varied to a substantial degree (data not shown). Among independently generated BMDMs, we used a population that exhibited extensive (90%-95%) deletion of the floxed Ikkb F allele, such that most cells did not contain IKKβ ( Figure 1A) .
We first checked the sensitivity of these cells to apoptosis caused by infection with the Sterne strain of B. anthracis. We previously showed that the B. BMDMs caused a robust and rapid apoptotic response detected as early as 6 hr after LPS addition ( Figure 1C) . The kinetics of TLR4-mediated apoptosis in Ikkb Dmye BMDMs were very similar to those found in wt BMDMs whose p38 activity was inhibited by either LT or the small-molecule inhibitor SB202190 ( Figure 1D ). Incubation of macrophages lacking either IKKβ or p38 activity, but not wt BMDMs, with ALO also resulted in extensive apoptosis (see Figure S1A in the Supplemental Data available with this article online). Importantly, incubation of BMDMs with ALO has the same consequences as their incubation with LPS: resulting in cytokine induction (Park et al., 2004) or apoptosis when combined with SB202190 or LT ( Figure S1B ). To substantiate the survival function of p38, we generated BMDMs from LysM-Cre/p38a F/F (p38a
Dmye
) mice and stimulated them with LPS. A p38a
Dmye BMDM preparation with more than 90% deletion of the floxed p38a F allele and a comparable reduction in p38 activity exhibited normal levels of ERK and JNK activation and IκBα degradation but was sensitive to LPS-induced apoptosis just like LTand SB202190-treated macrophages ( Figure S2 ). This experiment also underscores the role of the p38α isoform, one of the two SB202190-inhibitable p38 MAPK isozymes, in survival of TLR4-activated macrophages.
Next we examined LPS-induced NF-κB activation in Ikkb −/− FLDMs and Ikkb Dmye BMDMs. Both types of IKKβ-deficient macrophages exhibited a nearly complete defect in LPS-induced nuclear translocation of c-Rel, whereas nuclear translocation of RelA/p65 was reduced by approximately 50% ( Figure 1E) . Importantly, the p38 inhibitor SB202190 ( Figure 1E ) or LT (data not shown) did not affect the LPS-induced nuclear translocation of either RelA/p65 or c-Rel.
Identification of p38-Dependent NF-B Target Genes in Macrophages
As p38 appears to have its own regulatory targets rather than directly affecting NF-κB activation, we sought to identify a transcription factor that mediates the survival function of p38 in TLR4-activated macrophages. To this end, we examined the promoter sequence of genes induced by LPS in an IKKβ-and p38-dependent manner and searched for common transcription factor binding sites. First, we performed a microarray experiment with RNAs isolated from resting and LPS-stimulated J774A.1 macrophage cells. Approximately 1.5% of the approximately 8000 microarray-analyzed genes were found to be LPS inducible (data not shown). We then used quantitative real-time PCR (Q-PCR) to confirm the LPS inducibility of these genes in BMDMs.
Of the LPS-inducible genes tested by Q-PCR, approximately 66% were dependent on IKKβ, as their induction was substantially reduced in IKKβ-deficient macrophages ( Figure 2A) . Next we examined which of the IKKβ-dependent genes were affected by inhibition of p38 MAPK in wt macrophages. Only 57% of the IKKβ-dependent genes exhibited some p38 dependence (Figure 2A ; Figure S3 ). This analysis resulted in identification of 14 NF-κB target genes (based on IKKβ dependence) whose induction by LPS also required We next examined whether CREB mediates survival of TLR4-activated macrophages. As gene disruption failed to completely abolish CREB activity due to functional redundancy with the closely related bZIP proteins ATF1 and CREM (Hummler et al., 1994), we used a highly specific dominant-negative CREB molecule, ACREB, that inhibits the function of all CREB-related proteins but has no effect on other bZIP transcription factors (Ahn et al., 1998) . Infection of BMDMs with an ACREB lentivirus, but not with a control lentivirus expressing green fluorescent protein (GFP), resulted in a small increase in basal apoptosis that was clearly enhanced by LPS, which had only a marginal effect on viability of BMDMs infected with the GFP lentivirus (Figures 3E and 3F ).
Anthrax Edema Factor Promotes CREB Activation and Macrophage Survival
Since inhibition of CREB function sensitizes macrophages to LPS-induced apoptosis, we examined whether CREB activation through an alternative pathway can prevent TLR4-triggered apoptosis of macrophages whose p38 pathway has been blocked. To activate CREB in a p38-independent manner, we employed two agents that elevate intracellular cAMP: anthrax ET, a bacterial toxin whose catalytic subunit, edema factor (EF), has adenylyl cyclase (AC) activity ( Figure 4C ). Importantly, CREB activation by ET was accompanied by enhanced survival of LT-exposed macrophages (Figures 4D and 4E) . Cell-permeable cAMP analogs also protected LT-treated macrophages from TLR4-induced apoptosis ( Figure 4E ). The survival-enhancing activity of ET required CREB, as ET did not enhance survival of ACREB-expressing BMDMs that were incubated with LPS ( Figure 4F ). Hence, CREB is a point of convergence for at least two antiapoptotic signaling pathways in macrophages, dependent upon either p38 MAPK or cAMP. These findings raise the interesting possibility that B. anthracis may control the timing of macrophage apoptosis by modulating expression of its two toxin catalytic subunits LF and EF.
PAI-2: A Transcriptional Target for p38, CREB, and NF-B
Having identified CREB as an antiapoptotic and p38-responsive transcription factor in activated macrophages, we searched for a transcriptional target for CREB that could act as a survival factor. Based on the finding that most p38-dependent LPS-inducible genes in macrophages also require IKKβ (Figure 2A) , we postulated that such a target should also be dependent on NF-κB. We therefore identified several p38-dependent NF-κB target genes whose promoters contained obvious CREB binding sites ( Figure 2C ) and examined them in further detail. The results described below pointed to Pai-2, which encodes an endogenous serine protease inhibitor, a member of the serpin family (Silverman et al., 2001), as a likely candidate. Among the three serpins that are most strongly induced upon LPS treatment of BMDMs (Figure 5A ), PAI-2 is the only one whose induction requires both IKKβ and p38 ( Figures  5B and 5C) . Importantly, inhibition of CREB activity prevented induction of Pai-2 mRNA by LPS but had no effect on induction of another p38-and NF-κB-dependent survival gene: Bfl-1/A1 ( Figure 5D ). SB202190 and ACREB also inhibited induction of PAI-2 protein in BMDMs stimulated with LPS ( Figure 5E ) or ALO ( Figure  S1C ). When LT-induced inhibition of CREB phosphorylation in LPS-stimulated macrophages was reversed by ET ( Figure 4C ), induction of Pai-2 but not other p38-dependent antiapoptotic genes was significantly restored ( Figure 5F ).
To confirm that Pai-2 is a transcriptional target for NF-κB and CREB, we carried out chromatin immunoprecipitation (ChIP) experiments. Pai-2 contains single putative NF-κB and CREB binding sites at −860 bp and −1319 bp, respectively, within its control region ( Figure  2B ). The ChIP analysis revealed that CREB was efficiently recruited to the Pai-2 regulatory region even prior to LPS stimulation ( Figure 5G ). By contrast, CREB recruitment could not be detected at the iNos and IkBa promoters, whose activation was insensitive to ACREB (data not shown). Although CREB was constitutively present at the Pai-2 promoter, S133 phosphorylation of promoter bound CREB was upregulated by LPS and required p38 activity ( Figure 5G ). Basal phosphorylation of CREB on the Pai-2 promoter prior to LPS stimulation was found to originate from M-CSF signaling as it disappeared upon withdrawal of M-CSF from the culture medium ( Figure S5 ). The NF-κB proteins RelA/p65 and c-Rel were recruited to the Pai-2, IkBa, and iNos promoters only after LPS stimulation ( Figure 5G ). Occupancy of the Pai-2 promoter by NF-κB and phosphorylated CREB was accompanied by increased Pol II recruitment, indicative of enhanced initiation of transcription ( Figure 5G ). Although inhibition of p38 blocked phosphorylation of promoter bound CREB without affecting CREB recruitment, it did inhibit recruitment of NF-κB proteins, and consequently Pol II, to the Pai-2 promoter ( Figure 5G ). By contrast, inhibition of p38 had no effect on recruitment of NF-κB proteins or Pol II to the iNos and IkBa regulatory regions.
PAI-2 Inhibits Apoptosis of TLR4-Activated Macrophages
Having identified Pai-2 as a common transcriptional target for several survival pathways, we examined its antiapoptotic function in TLR4-activated macrophages. Previously, PAI-2 was reported to antagonize mycobacterial and viral cytopathic effects in human macrophages and carcinoma cell lines (Gan et al., 1995; An- Figure S6 ). More direct evidence for the survival function of PAI-2 was provided by analyzing macrophages derived from the human promonocytic leukemia cell THP-1, which carries a naturally occurring mutation in the PAI-2 gene (Katsikis et al., 2000) . Although THP-1-derived macrophages (TDMs) respond to TLR4 engagement with p38 and IKK activation and cytokine gene induction (data not shown), they are highly susceptible to LPS-induced apoptosis ( Figure 6A ). Unlike the situation in BMDMs and RAW264.7 macrophages, TLR4-induced apoptosis in TDMs does not require p38 inhibition ( Figure S7 ). To address whether the increased susceptibility to TLR4-induced apoptosis is due to PAI-2 deficiency, we generated THP-1 derivatives stably expressing PAI-2. Such cells were resistant to LPS-induced apoptosis ( Figure  6A ). We also transduced TDMs with adenoviral vectors and found that TLR4-induced apoptosis was inhibited by PAI-2 but not PAI-1 (Figure 6B ). These data support the hypothesis that PAI-2 is an important survival gene in TLR4-activated human macrophages.
talis et al., 1998). Other studies showed that PAI-2 inhibits TNFα-induced apoptosis of human carcinoma and fibrosarcoma cell lines (Dickinson et al., 1995; Kumar and Baglioni, 1991), but we could not detect enhanced TNFα-induced apoptosis in p38α-deficient fibroblasts, although these cells did not respond to TNFα with Pai-2 induction (data not shown). The first hint for an antiapoptotic function for PAI-2 in TLR4-activated macrophages was obtained by screening different chemical inhibitors for their ability to enhance survival of LPS-stimulated and p38-inhibited macrophages. In these experiments, the serine protease inhibitor N-tosyl-L-phenylalanyl chloromethyl ketone (TPCK) protected p38-inhibited macrophages from LPS-induced apoptosis (
We extended our analyses to mouse BMDMs with a targeted deletion of the Pai-2 gene (Dougherty et al., 1999). Consistent with the results described above, Pai-2 −/− BMDMs exhibited a stronger apoptotic response to LPS alone in comparison to wt BMDMs (Figure 6C) . However, this response was not as robust as the one seen in IKKβ-deficient macrophages or wt macrophages incubated with SB202190, suggesting that other antiapoptotic genes that depend on both pathways, for instance Bfl-1/A1, provide protection in the absence of PAI-2. To address this possibility, we transfected RAW264.7 macrophages with various antiapoptotic genes and tested their ability to prevent apoptosis induced by treatment with LPS and SB202190. Expression of either Bfl-1/A1 or PAI-2 enabled the transfected cells to survive selection in a medium containing both LPS and SB202190 (Figures 6D and 6E) . Treatment with either LPS or SB202190 alone under the same condition did not significantly reduce the viability of RAW264.7 macrophages (data not shown). This pro- tective effect was also seen with other Bcl-2 family members, such as Bcl-2 (data not shown) and Bcl-X L , but not with inhibitor of apoptosis (IAP) family members ( Figure 6E ). Among Bcl-2 family members that conferred apoptotic resistance to LPS+ SB202190-treated macrophages, only Bfl-1/A1 expression depends on both the IKK/NF-κB and p38 pathways (Figures 2A and  2B; Figure S8) . Therefore, the importance of Bfl-1/A1 was further examined through loss-of-function experiments. As functional Bfl-1/A1 protein is encoded by three clustered genes in the mouse genome (Hatakeyama et al., 1998), we performed RNA interference (RNAi) with a lentivirus expressing a short hairpin (sh) RNA that can knock down expression of all three Bfl-1/ A1 isoforms. In both wt and Pai-2 −/− BMDMs, infection with the A1 shRNA-containing lentivirus caused more than 3-fold decrease in Bfl-1/A1 mRNA amount, similar to the effect of the p38 inhibitor SB202190 ( Figure 6F ). The knockdown of Bfl-1/A1 sensitized both wt and Pai-2 −/− BMDMs to TLR4-induced apoptosis, with the effect on Pai-2 −/− BMDMs similar to that of SB202190 on wt macrophages ( Figure 6G) . These results strongly suggest that Pai-2 and Bfl-1/A1 are critical p38-dependent antiapoptotic genes for preventing apoptosis of TLR4-activated macrophages.
Discussion
Our previous (Park et al., 2002; Hsu et al., 2004) and present studies define a critical innate immunity-associated antiapoptotic response responsible for survival of TLR4-activated macrophages (Figure 7 ). The new findings described above indicate that in the antiapoptotic branch of TLR4 signaling, the IKK/NF-κB and p38 MAPK modules cooperate to induce transcription of two critical antiapoptotic genes, Pai-2 and Bfl-1/A1, whose products block the concurrent activation of the proapoptotic pathway. Unless opposed, this proapoptotic pathway can bring about rapid macrophage death and premature cessation of the innate immune response. The ability of PAI-2 to inhibit TLR4-induced macrophage apoptosis suggests a novel apoptotic mechanism that is regulated by a serpin family member. An antiapoptotic function for a serpin, however, is not unprecedented. It was shown that the serpin Spi2A/ Spi2-1 promotes survival of cytotoxic T lymphocytes 
Reagents
Recombinant LF, EF, and PA were expressed in and purified from E. coli strain BL21 (DE3) bearing the appropriate plasmid constructs as described (Cunningham et al., 1998). LPS (E. coli) and forskolin were from Sigma-Aldrich, MAPK inhibitors were from Calbiochem, and cAMP analogs were from BIOLOG.
Measurement of Apoptosis
TUNEL assays and Hoechst staining were performed as described (Park et al., 2002) . MTT assays and annexin V staining were performed using an MTT kit and annexin V-Alexa 568, respectively, according to manufacturer's instructions (Roche).
Protein and RNA Analysis
Whole-cell, cytoplasmic, and nuclear extracts for immunoblot analysis were prepared and analyzed as described (Park et al., 2004) . Total RNA was isolated using RNAwiz (Ambion). Microarray analysis was performed with Affymetrix mouse chips with probes for more than 8000 genes and total RNAs from J774A.1 macrophages that had been unstimulated or stimulated with LPS for 4 hr. RNA analysis using real-time PCR was performed as described (Park et al., 2004) . Individual primer sequences are available upon request. 
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